We study the current density-voltage (J − V) characteristics of dissimilar metal-insulator-metal (MIM) nanoscale tunneling junctions using a self-consistent quantum model. The model includes emissions from both cathode and anode, and the effects of image charge potential, space charge and exchange correlation potential. The J − V curves span three regimes: direct tunneling, field emission, and space-chargelimited regime. Unlike similar MIM junctions, the J − V curves are polarity dependent. The forward (higher work function metal is negatively biased) and reverse (higher work function metal is positively biased) bias J − V curves and their crossover behaviors are examined in detail for various regimes, over a wide range of material properties (work function of the electrodes, electron affinity and permittivity of the insulator). It is found that the asymmetry between the current density profiles increases with the work function difference between the electrodes, insulator layer thickness and relative permittivity of the insulator. This asymmetry is profound in the field emission regime and insignificant in the direct tunneling, and space charge limited regimes.
I. INTRODUCTION

Quantum tunneling
1,2 is important to nanoelectronic circuit designs, tunneling electrical contacts, 3 scanning tunneling microscopes (STMs), 4 ,5 plasmonic resonators, [6] [7] [8] carbon nanotubes, [9] [10] [11] [12] [13] graphene 14, 15 and other two-dimensional (2D) materials based devices 16, 17 and novel vacuum nano-devices. [18] [19] [20] [21] Quantum tunneling effects impose serious challenges to the physical scaling down of traditional electronic circuits. 22 However, it enables the development of future tunneling field-effect transistors (TFETs), which are envisioned to further extend Moore's law. 23 Tunneling in electrical contacts can be utilized to mitigate current crowding and nonuniform heat deposition in the contact region. 3 Tunneling phenomenon may also introduce new regimes in quantum plasmonics. 24 Hence, it is critical to accurately characterize the current density-voltage (J − V) behaviors in nano-scale metal-insulator-metal (MIM) junctions, for a variety of material properties and junction dimensions.
Tunneling effects between electrodes separated by thin insulating films have been studied extensively by Simmons 2,25-28 in 1960s . Although in Simmons' theory the effects of image charge potential are considered, the electron space charge potential and the electron exchange-correlation potential inside the insulator thin films, are ignored. Simmons' model is reliable only in low voltage regime for limited parameter space (insulator gap > 1 nm, barrier height > 3 eV). 24 The effects of space charge in a vacuum nanogap have been studied [29] [30] [31] extensively, with extensions to short pulse. 32 Recently, Zhang 24 proposed a self-consistent model (SCM) to characterize quantum tunneling current in similar MIM junctions, considering current flowing from both the electrodes. It is found that the J − V characteristics may be divided into three regimes: direct tunneling, field emission, and space-charge-limited regime.
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scitation.org/journal/adv infrared detectors. 33 Several efforts have been made to enhance this asymmetry in dissimilar MIM tunnel diodes. [33] [34] [35] The asymmetric J − V characteristics in MIM structure is also of high interest in memory devices such as dynamic random-access memory (DRAM) capacitors 36 or memristors. 37 Additionally, dissimilar MIM junctions are naturally formed between scanning tunneling microscope's tip and substrate 4, 5 and in nanoscale electrical contacts. 3 In this paper, we extend the theory of Zhang 24 to dissimilar MIM junctions (Figure 1 ). Following Simmons, 25 we define the forward bias (FB) and reverse bias (RB) of the MIM junction, when the metal electrode with higher work function is negatively and positively biased, respectively. We provide a detailed study of FB and RB asymmetry and its dependence on a wide range of input parameters (work functions of the electrodes, thickness and relative permittivity of the insulator), for different voltage regimes. The FB and RB characteristics are found to cross over at high voltages in the field emission regime. The asymmetry between the current density profiles increases with the work function difference of the electrodes, the thickness or permittivity of the insulator layer. The strong saturation of tunneling current density in the space charge limited (SCL) regime, which can be achieved under ultrafast pulsed excitation, 38 is explored for different input parameters. 
II. FORMULATION
Our self-consistent model (SCM) formulation is based on the formulation of similar MIM junctions. 24 The potential barrier formed between the two electrodes is,
where EF is the equilibrium Fermi level; Φw(x) = ϕ 1 + (ϕ 2 − ϕ 1 )x/D; ϕ 1 = W 1 − X, ϕ 2 = W 2 − X; W 1 and W 2 are the work functions of metal electrode 1 and 2 respectively; X is electron affinity of the insulator;
is the image charge potential energy including the effect of anode screening, 31 where e is the electron charge, 0 is the permittivity of free space, r is the relative permittivity of the insulator, and D is the gap distance; the electric potential eV(x) = eVgx/D + eVsc(x), where the two terms are the potential due to the external applied voltage Vg and the potential due to the electron space charge, respectively; and Φxc(x) = ( xc − (rs/3)d xc/drs) × EH is the electron exchange-correlation potential calculated by the KohnSham local density approximation (LDA), 39 where rs(x) is the local Seitz radius [4πn(x)(rsa 0 ) 3 /3 = 1] in terms of the Bohr radius a 0 = 0.0529 nm, n(x) is the electron density, EH = 27.2 eV is the Hartree energy, and xc = x + c is the exchange-correlation energy. The probability D(Ex) that an electron with longitudinal energy Ex (normal to the surface) can penetrate the potential barrier Φ(x) is given by the WKBJ approximation,
where x 1 and x 2 are the two roots of Ex − Φ(x) = 0, me is the electron rest mass. The tunneling current density from electrode 1 to the right, and from electrode 2 to the left, are respectively, 2,24,31
where D(Ex) is given in Eq. (2), N 1,2 (Ex)dEx is the total number of electrons inside electrode 1 (electrode 2) with longitudinal energy between Ex and Ex + dEx impinging on the surface of electrode 1 (2) across a unit area per unit time, calculated by the free-electron theory of metal, 43 me is the electron rest mass, ̵ h is the reduced Planch constant, kB is the Boltzmann constant, and T is the electrode temperature.
Inside the insulator, 0 < x < D, we solve the coupled Schrödinger equation and the Poisson equation, for the electric potential eV(x) ARTICLE scitation.org/journal/adv and the exchange-correlation potential Φxc(x),
where ψ is the complex electron wave function, n = ψψ * is the electron density, and E 0 is the electron emission energy (with respect to the Fermi energy EF). We assume E 0 = 0 in the calculation. For a bias voltage Vg, the boundary conditions are, V(0) = 0, and V(D) = Vg. We also have the boundary conditions that both ψ and dψ/dx are continuous at x = 0, and x = D. Due to charge conservation, the net current density Jnet
is constant for all x, where a prime denotes a derivative with respect to x, and i = √ −1. For convenience we use nondimensional quantities,
and EH is the Hartree energy. The wave func-
, where q(x) and θ(x) are the nondimensional amplitude and phase respectively, both assumed real. Equations 4 and 5 are normalized to read,
where γnet = γ 1 − γ 2 is the net normalized current density. The boundary conditions to eqs. (6) and (7) are, ϕ(0) = 0, ϕ(1) = 1,
, and
)sin(2λ √ 1 + E 0 ). The normalized emission current density γ 1 and γ 2 are,
where T = kBT/EH, Ex = Ex/EH, and EF = EF/EH. By solving eqs. (6) - (8) iteratively with the boundary conditions, we can selfconsistently obtain the complete potential barrier profile Φ(x), the current density emitted from both electrodes J 1 and J 2 , for any metal electrodes (W 1 , W 2 ), insulator layer (εr, X, D), and bias voltage (Vg). It is found the tunneling current emission is insensitive to the temperature and the Fermi level. 24 In our calculations, we assume room temperature T = 300 K and EF = 5.53 eV.
In this formulation, we have assumed, 1) the electron transmission probability during the emission process can be approximated by the WKBJ solution, where the metal electrodes are based on the free electron gas model; 2) the surfaces of the electrodes are flat and the problem is one-dimensional; 3) the image potential can be approximated by the classical image charge methods; and 4) the two metallic electrodes are separated by a sufficiently thin insulating film (in the nano-or subnano-meter scale), so that charge trapping in the insulator are ignored. 
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vacuum gap ( r = 1, X = 0 eV). Metal 2 is given a positive bias (i.e. reverse bias, equivalent to Figs. 1a and 1c) . The current densities are calculated from the SCM with both space charge potential and exchange correlation potential Vxc included. The J − V curves may be roughly divided into three regimes: direct tunneling regime (Vg < 1V), field emission regime (1V < Vg < 10V), and space-chargelimited regime (Vg > 10V), similar to the MIM with electrodes of the same material. 24 In the direct tunneling regime, just like similar MIM junctions, 24 the tunneling current density from cathode γ 1 and that from anode γ 2 are comparable. The net current density γnet can be orders of magnitude lower than both γ 1 and γ 2 . Therefore, in this regime, both anode emission and cathode emission need to be considered for an accurate estimation of the tunneling current in the dissimilar MIM junction. In the direct tunneling regime, γnet increases linearly with Vg, which implies that the dissimilar electrode MIM junction behaves like an ohmic resister. The J − V characteristic matches well with the Simmons' formula in the direct tunneling regime. 25 In the field emission regime, γ 2 is much smaller compared to γ 1 , because the effective barrier height at the cathode is reduced by the bias voltage. The net current density γnet is approaching the Fowler-Nordheim (FN) law [47] [48] [49] as Vg increases. However, in the field emission regime, Simmons' formula gives a more accurate fit to the self-consistent SCM result, which is due to the inclusion of anode screening in Simmons' formula. Simmons' formula breaks down around Vg = 4V. When the gap voltage reaches Vg = 8V, the effective barrier height is depressed by Vg below the Fermi level of the cathode (i.e. equivalent to Fig. 1c ). In the SCL regime, when Vg reaches 100V, the cathode current and therefore the net current approaches the quantum CL law (QCL), 29, 30 which gives the maximum current density that can be transported across a vacuum nano-gap for a given Vg and D, with quantum corrections. Note that current saturation in the SCL regime was observed in recent experiments when the nanogap was excited by very short THz pulses. 38 Fig . 2b shows the net current density Jnet in A/cm 2 as a function of applied gap voltage Vg, in dissimilar MIM junctions separated by a 1 nm wide vacuum gap for a fixed ΔW= W 2 − W 1 = 1 eV. Solid and dashed lines are for reverse biased (RB) (i.e. higher work function metal is positively biased) and forward biased (FB) (i.e. higher work function metal is negatively biased) current densities, respectively. The tunneling current density of a dissimilar MIM junction is very sensitive to its apparent barrier height. Fig. 2b shows that, at low voltages (eVg < ΔW), the characteristics are almost identical for the FB and RB conditions. In the region of ΔW < eVg < W 2 − X, the FB current exceeds slightly. At a higher voltage, the FB and RB characteristics cross over. The inset of Fig. 2b shows the zoomed in view of this cross over behavior for the case of W 2 = 6.35 eV. It is shown in Fig. 2b , as W 2 (and therefore W 1 ) increases, the FB and RB characteristics intersect at increased values of Vg, which agrees with the results reported by Simmons, in 1960. 25 The underlying reason for this crossover behavior is, in the high voltage region, the electrons inside the cathode (i.e. relatively negatively biased electrode) would see a lower (higher) triangular barrier of height W 1 (W 2 ) in the RB (FB) condition (Figs. 1c and 1d ). For (W 2 − X) < eVg < 20 eV, the asymmetry between FB and RB characteristics becomes significant. The asymmetry between FB and RB characteristics remain insensitive to the value of W 1 or W 2 , when the work function difference ΔW is kept fixed. When Vg approaches 100 V, the net current density for both FB and RB conditions converges to the value of QCL, since the SCL current density depends only on Vg and D, but not on work function. The effect of the electron affinity X of the insulating thin film on J − V characteristics would be similar, that is, increasing X would be equivalent to decreasing W 1 and W 2 , provided the relative permittivity r of the insulator and the insulator thickness are unchanged.
The effects of work function difference ΔW = W 2 − W 1 on the J − V characteristics of a MIM junction separated by a 1 nm wide vacuum gap, are shown in Fig. 3 . The work function of metal 2 is kept fixed, W 2 = 6.35 eV (Pt). Solid and dashed lines represent the RB and FB conditions, respectively. Unlike the previous case of fixed ΔW in Fig. 2b , in the field emission regime, the asymmetry between FB and RB currents increases significantly as |ΔW| increases. Work function difference between the two metal electrodes in a dissimilar MIM junction influences the J − V characteristics more profoundly than the individual work functions. The dotted line in Fig. 3 (ΔW = 0) represents the similar MIM junction (W 1 = W 2 = 6.35eV) tunneling current density. The curves for Jnet lie above and below the ΔW = 0 reference, for W 1 < 6.35 eV and W 1 > 6.35 eV respectively. Figure 4 shows the effects of gap width (or insulator thickness) D on the tunneling current density in dissimilar MIM junctions. In Fig. 4a) , the asymmetry between FB and RB current densities tend to disappear. However, when D is increased, the asymmetry increases significantly. The FB and RB characteristics tend to crossover at about the same voltage. However, this crossover voltage is not exactly the same for all D (c.f. Fig. 4b , Vg = 5V), as previously reported by Simmons. 25 Figure 4b shows that the asymmetry between the FB and RB tunneling current densities appear only for high voltages. In low voltage regime (Vg ≤ 1V for our MIM junction current calculations), for any given gap width (D = 0.5nm − 3nm), the current density profiles are almost identical for the two biases. The asymmetry increases with the applied bias voltage and it tends to disappear as Vg reaches 100V into the SCL regime. Note that, when D is large, the cathode emission current reaches the SCL current at a higher voltage. This explains the increase of asymmetry between FB and RB tunneling densities at high voltages (c.f. Fig. 4b , Vg = 20V) for large D. Figure 5 shows the effects of insulator layer permittivity r on the tunneling current density in dissimilar MIM junctions. In Fig. 5a , RB and FB tunneling current densities are plotted as functions of applied gap voltage Vg for r = 1, 2 and 6. In Fig. 5b , tunneling current densities are plotted as functions of r for different externally applied bias voltages Vg. The relative permittivity of insulating layer greatly influences the image charge potential as well as the space charge potential (Eq. 7), which in turn affect the current transport through the potential barrier. The asymmetry between FB and RB tunneling current densities increases with r (Fig. 5a) . However, for low voltages, there is no such asymmetry and the Jnet profiles are identical, since in this direct tunneling regime the MIM junction is ohmic (Figure 5b) . The FB and RB characteristics crossover at higher voltages for increasing r . It is important to note that, for low and intermediate bias voltages, Jnet decreases with r , but when Vg reaches 100V, this trend reverses because larger r reduces the effect of space charge (Eq. 7). The asymmetry between FB and RB current densities tend to disappear as Vg reaches the quantum CL limit (Fig. 5a and Fig. 5b , Vg = 100V).
IV. CONCLUSIONS
Our self-consistent model characterizes the tunneling current in nano-and subnano-scale asymmetric (metal electrodes with dissimilar work functions) MIM junctions, taking into account the effects of both space charge and exchange-correlation potential. It provides accurate estimation of tunneling current density in different regimes over a wide range of input parameters. It is found that the Simmons' formulas provide good approximations of the tunneling current for only a limited parameter space in the direct tunneling regime. Their accuracy decreases when the effective barrier height decreases, where the self-consistent model would give a more accurate evaluation. We demonstrated the influences of electrode work functions (W 1 and W 2 ), insulator layer properties ( r , X), insulator thickness (D) and bias voltage (Vg) on the FB and RB tunneling ARTICLE scitation.org/journal/adv current density profiles. We found that the work function difference ΔW influences the asymmetry between forward and reverse bias J − V characteristics more profoundly than their individual work functions. This asymmetry increases with increasing insulator layer thickness and relative permittivity. However, for very low (for our calculations, Vg < 1V) and very high voltages (Vg ∼ 100V), the tunneling current density profiles are almost similar for the two biased cases.
It is worthwhile to note that, although the proposed model is developed for DC condition, it is applicable to the excitation of up to the Near Infrared frequency, since in typical metallic tunnel junctions, the tunneling events occur on a timescale much shorter than the period of the driving fields. 50 The effects of electrodes geometry, possible charge trapping inside the insulator film, frequency dependence will be subjects of future studies.
